Study Objectives: (1) Examine performance on an objective measure of reward-related cognitive impulsivity (delay discounting) among self-reported habitual short sleepers and medium (i.e. recommended 7-9 hours) length sleepers either reporting or not reporting daytime dysfunction; (2) Inform the debate regarding what type and duration of short sleep (e.g. 21 to 24 hours of total sleep deprivation, selfreported habitual short sleep duration) meaningfully influences cognitive impulsivity; (3) Compare the predictive utility of sleep duration and perceived dysfunction to other factors previously shown to influence cognitive impulsivity via delay discounting performance (age, income, education, and fluid intelligence).
Introduction
Humans who claim to thrive on little sleep represent an important area for biological and psychological investigation. These individuals do not report the low behavioral drive, negative affect, and cognitive impairment typically associated with experimental sleep deprivation [1, 2] and endorsed by habitual short sleepers who report daytime dysfunction (e.g. individuals with insomnia [3, 4] or insufficient sleep syndrome [5] ). Rather, habitual short sleepers not reporting daytime dysfunction have been described as active, vigorous, restless, and over-meticulous [6] , efficient, energetic, ambitious, decisive, extroverted, and non-worriers [7] , sub-clinically hypomanic [8] , and behaviorally driven [9, 10] .
The claim of normative, or even superior daytime functioning despite habitual short sleep duration (≤6 hours/night [11] ) raises a fundamental question: Do these individuals function as well as they feel that they do? For the past 50 years, empirical examination of this question has been limited by relatively small sample sizes (N = 2 [6, 9] ; N = 12 [8] ; N = 37 [10] ; N = 46 [7] ) and by primarily relying on clinical judgments [6] or self-report questionnaires and interviews [7] [8] [9] [10] to characterize outcomes of interest. Self-reports of functionality in habitual short sleepers may be problematic, as evidence suggests that we tend to underestimate our objective levels of daytime impairment as sleep deprivation [12] or sleep restriction [13] progress over time to a habitual/chronic state. Therefore, objective measures of daytime functioning in larger samples of habitual short sleepers are needed.
Prior research suggests that habitual short sleepers may have difficulty maintaining daytime alertness in the absence of environmental stimulation, regardless of perceived daytime dysfunction [14] . This tentative conclusion was reached on the basis of resting functional brain connectivity patterns using the Human Connectome Project (HCP) database. In the present study, we continue this line of investigation by examining an objective measure of reward-related cognitive impulsivity-monetary delay discounting performance-in habitual short and medium (i.e. recommended 7-9 hours) length sleepers with and without perceived daytime dysfunction using the HCP database.
Delay discounting refers to the decrease in subjective value of a desirable outcome as the time to obtain the outcome increases [15] . In humans, delay discounting taps the construct of cognitive impulsivity [16] , with greater discounting of delayed rewards (i.e. preferring smaller, immediate rewards over larger, delayed rewards) indicating greater impulsivity. Although delay discounting appears ubiquitous across species and situations, suggesting evolutionary adaptability [15] , excessive delay discounting appears to be a non-adaptive hallmark across a range of mental health disorders: hypomania [17] , bipolar disorder and schizophrenia [18] , major depressive disorder [19] , addictive behaviors [20] , and attention-deficit/hyperactivity disorder [21] (in particular, hyperactive-impulsive symptoms [22] ).
Although experimental total sleep deprivation has been shown to have a negative effect on cognition across multiple domains (particularly simple attention and vigilance tasks [1] ), tests of the effects on delay discounting performance have produced conflicting results. Twenty-one hours of total sleep deprivation was sufficient to enhance discounting of delayed monetary rewards in 12 healthy, young adult undergraduate students [16] . In contrast, delay discounting was unaffected by 24 hours of total sleep deprivation in 20 healthy adults [23] and 30 healthy young adults [24] . Attempts to model more real-world/ ecologically valid instances of partial sleep deprivation (i.e. four consecutive nights of 6 hours/night; "short sleep") in 37 medium length-sleeping healthy adults found evidence for short-sleepinduced diminished behavioral inhibition via a Go/No-Go task, but no difference in impulsive decision-making via a computerized delay discounting task [25] . These findings are similar to evidence of lowered behavioral inhibition on an emotional Go/ No-Go task following 36 hours of total sleep deprivation in 32 medium length-sleeping healthy adults [26] . Given the relatively small sample sizes of these studies, examining the effects of a different form of short sleep (self-reported habitual short sleep duration) on delay discounting performance in a larger sample of adult participants may help inform the debate regarding what type and duration of short sleep is associated with cognitive impulsivity via delay discounting. However, examination of whether self-reported habitual short sleep duration is related to delay discounting behavior has not been reported to our knowledge.
Recently, the basic utility of asking about self-reported sleep duration without coincident objective data on sleep duration and quality has been questioned [27] . To examine the predictive utility of self-reported sleep duration (and perceived daytime dysfunction) on delay discounting performance, we compared these measures to other factors previously shown to have a negative effect on delay discounting, including age [28] , income [29] , education [30] , and objective measures of fluid intelligence [31, 32] across all participants with complete delay discounting data in the HCP database 1200 participant release.
Approximately 30% of employed U.S. adults in a large nationally-representative sample reported sleeping 6 hours or less each day [33] . A recent report using the HCP database [34] supports this prevalence estimate [14] . Furthermore, these data also indicated that approximately 12% of participants reporting short sleep did not report daytime dysfunction, providing a tentative prevalence estimate [14] . Therefore, as approximately 10% of the adult U.S. population may claim to thrive on little sleep, objective validation of these claims appears warranted.
Materials and Methods
We analyzed data from 1190 participants with full delay discounting data from the HCP database [34] 1200 Participants Release. Participants were grouped based on whether they reported habitual short (≤6 hours) vs. medium length (7 to 9 hours) sleep duration over the past month, consistent with current National Sleep Foundation (NSF) sleep duration recommendations [35] . These data were derived from self-report answers to the Pittsburgh Sleep Quality Index (PSQI), a 24-item questionnaire comprising seven component scores, including sleep duration (component 3) and daytime dysfunction (component 7) [36] . Sleep duration was obtained from question #4 of the PSQI: "During the past month, how many hours of actual sleep did you get at night? (This may be different than the number of hours you spend in bed.)" [36] . Participants not reporting daytime dysfunction reported scores of zero on PSQI component 7: daytime dysfunction. This corresponds to answering "Not during the past month" to PSQI question #8: "During the past month, how often have you had trouble staying awake while driving, eating meals, or engaging in social activity?" and answering "No problem at all" to PSQI question #9: "During the past month, how much of a problem has it been for you to keep up enough enthusiasm to get things done?" [36] . Participants reporting daytime dysfunction were conservatively characterized as having PSQI Component 7 scores greater than zero [14] .
This strategy resulted in the following groups: (1) all habitual short sleepers (All HSS; n = 362); (2) all medium length sleepers (All MLS; n = 708); (3) habitual short sleepers not reporting daytime dysfunction (HSS-NRD; n = 142); (4) habitual short sleepers reporting daytime dysfunction (HSS-RD; n = 220), (5) medium length sleepers not reporting daytime dysfunction (MLS-NRD; n = 381), and (6) medium length sleepers reporting daytime dysfunction (MLS-RD; n = 327). This grouping strategy led to the exclusion of 118 participants reporting more than 6 and less than 7 hours of sleep at night over the prior month and to the exclusion of 12 participants reporting more than 9 hours of sleep at night over the prior month. To examine delay discounting in these individuals, multiple regression analysis with sleep duration as a continuous variable was performed across all 1190 participants with full delay discounting data from the HCP database 1200 participants release.
Delay discounting task
The HCP assessed cognitive impulsivity (in the "self regulation/ impulsivity" category of HCP measures) using a version of a monetary delay discounting task to identify indifference points at which an individual is equally likely to choose a smaller reward sooner (e.g. $100 today) vs. a larger reward later (e.g. $200 in 1 month) (p. 173 [37] ). Reward amounts are adjusted on a trial-bytrial basis to efficiently determine indifference points [37] [38] [39] . An area under the curve (AUC) summary measure is provided based on small monetary amount ($200) and high monetary amount ($40 000) conditions to yield a non-theoretical, valid, and reliable index of how quickly an individual discounts delayed rewards [37, 40] . As described [41] , participants are presented with two choices on each trial: a smaller monetary amount today or a larger amount at a later time point. Participants choose amounts at each of six delays: 1 month, 6 months, 1 year, 3 years, 5 years, and 10 years based on two delayed amounts: $200 and $40 000. For each choice of delay and amount of delayed reward, participants make 5 choices. The indifference point for each condition is the value for a "sixth" choice, which is never presented to the participant but is based on an increment or decrement from the immediate value of their fifth choice. Participants make all five delay choices based on $200 before moving on to the next combination of delay choices based on $40 000. The order of delayed amounts based on $200 was fixed in order as follows: (1) 
Delay discounting data analyses
Theoretically neutral AUC estimates of delay discounting behavior [40] were examined to quantify global differences in delay discounting between groups ( Figure 1, A and B) . AUC was selected to overcome limitations of positive skew in parameter estimates for discounting functions [40] , to remain consistent with the HCP database selecting AUC as their discounting summary measure (p. 173 [37] ;), and to enable direct comparison with prior experimental total sleep deprivation delay discounting studies [24] . Two-tailed independent-samples t-tests with false discovery rate correction for multiple comparisons (i.e. five AUC comparisons per monetary condition ($200 or $40 000); p < 0.01 significance threshold) and Cohen's d effect size estimates were run to examine these global differences. Lower AUC values indicate greater discounting of delayed rewards (i.e. increased cognitive impulsivity) [24] . AUC measures were calculated as described [41] .
Predictors of delay discounting behavior
Two-tailed independent-samples t-tests with false discovery rate correction were run to examine between-group differences in factors previously implicated in delay discounting behavior: age [28] , income [29] , education [30] , and fluid intelligence [31, 32] . Sex was included as a covariate, although prior research indicates that sex does not meaningfully impact delay discounting behavior [42] (Table 1 ; five variables examined between groups, p < 0.05/5 = p < 0.01 significance threshold).
Given the known curvilinear relationship between selfreported sleep duration and a host of adverse outcomes [11, 27, 43] , including risky decision-making [44] , multiple regression analyses were performed to examine the relative contribution of the following factors in predicting delay discounting behavior between groups (Table 2 ) and across the entire HCP 1200 database (Table 3) : age, sex, income, education, fluid intelligence, sleep duration, and daytime dysfunction. These seven predictors were entered into each model, with a Bonferroni-corrected significance threshold of p < 0.007 (i.e. p < 0.05/7 = p < 0.007).
Age
Age in years was obtained from participants and included in the HCP 1200 Restricted Access database [34] .
Sex
Sex (male or female) was obtained from participants and included in the HCP 1200 Open Access database.
Income
Total annual household income was obtained from participant responses to the Semi-Structured Assessment for the Genetics of Alcoholism (SSAGA [45] ) and included in the HCP 1200 Restricted Access database. Total household income was scored and entered as follows: <$10 000 = 1; $10 000-19 999 = 2; $20 000-29 999 = 3; $30 000-39 999 = 4; $40 000-49 999 = 5; $50 000-74 999 = 6; $75 000-99 999 = 7; ≥ $100 000 = 8.
Education
Total years of completed education was obtained from participant responses to the SSAGA [45] and included in the HCP 1200 Restricted Access database. Years of education was scored and 
Fluid intelligence
Non-verbal fluid intelligence was measured using Form A of an abbreviated version of Raven's Progressive Matrices [46] . Participants were presented with 2 × 2, 3 × 3, or 1 × 5 arrangements of square patterns, with one square missing per pattern [47] . Participants selected one of five choices that best completed the missing square on the pattern. Form A has 24 items and three bonus items in order of increasing difficulty. The task is discontinued after five consecutive incorrect responses. The total number of correct responses was entered into the HCP Open Access database.
Results
Global AUC measures of delay discounting behavior at $200 and $40 000 conditions are shown in Figure 1 , A and B. Following false discovery rate correction for multiple comparisons (i.e. five comparisons per monetary condition; p < 0.05/5 = p < 0.01 threshold), all habitual short sleepers exhibited significantly greater discounting of delayed monetary rewards (i.e. decreased AUC values; increased cognitive impulsivity) compared to all medium length sleepers at $200 and $40 000 conditions. Habitual short sleepers, regardless of perceived dysfunction, evidenced greater delay discounting compared to medium length sleepers.
To examine non-sleep-related factors previously shown to be associated with delay discounting performance that may contribute to current findings, we examined differences in participant To compare the predictive utility of self-reported habitual sleep duration and perceived daytime dysfunction to these nonsleep-related factors in predicting global delay discounting performance between groups, we ran a series of multiple regressions (Table 2) . Seven predictors were entered into each model, resulting in a Bonferroni-corrected significance threshold of p < 0.007. Using these criteria, income, age, sex, and perceived daytime dysfunction did not meaningfully predict delay discounting performance between groups. Years of education, fluid intelligence, and self-reported sleep duration were consistently the strongest predictors of delay discounting behavior between groups. Increased years of education, higher fluid intelligence, and longer self-reported sleep duration predicted greater AUC values (i.e. less global cognitive impulsivity/delay discounting). Notably, with one exception, self-reported sleep duration accounted for the largest amount of unique variance in delay discounting performance between all habitual short sleepers and all medium length sleepers, between short sleepers and medium length sleepers not reporting dysfunction, and between short sleepers and medium length sleepers reporting dysfunction.
Finally, to examine whether these variables similarly predicted delay discounting behavior across the entire HCP database, we applied the above regression model to all 1190 participants who completed the delay discounting task (Table 3 ). This entire sample includes 120 additional participants with self-reported sleep durations falling outside of our short (≤6 hours; n = 362) and medium length (7-9 hours; n = 708) sleep duration cutoffs in prior analyses. Similar to findings between groups, years of education, fluid intelligence, and self-reported habitual sleep duration remained the strongest predictors of delay discounting behavior. Notably, self-reported habitual sleep duration was the strongest predictor of delay discounting behavior within $200 and $40 000 conditions across all 1190 participants.
Discussion
In this study, we examined an objective measure of rewardrelated cognitive impulsivity among self-reported habitual short sleepers. The findings suggest that self-reported short sleepers, regardless of their perceived level of dysfunction, exhibit significant and meaningfully greater reward-related impulsivity compared to self-reported medium length sleepers ( Figure 1 , A and B; Table 2 ). In other words, there is a reason to suspect that habitual short sleepers who do not report daytime dysfunction may exhibit more functional difficulties than they assume. The current study also found that reported short sleep duration was a more meaningful predictor of delay discounting behavior compared to age [28] , income [29] , education [30] , and fluid intelligence [31, 32] .
To our knowledge, the present findings provide the first reported answer to the question of whether self-reported habitual short sleep duration is meaningfully associated with delay discounting performance. Our findings indicate that the answer to this question is yes-habitual short sleep duration is associated with greater reward-related cognitive impulsivity (Figure 1 ). These findings are consistent with a related and conceptually overlapping literature on the effects of sleep loss on risk-taking behavior [44, 48] and may help to clarify prior conflicting results regarding what type and duration of short sleep meaningfully influences cognitive impulsivity via delay discounting performance. Twenty-one hours of total sleep deprivation was shown to significantly increase delayed discounting in one study [16] , whereas 24 hours of total sleep deprivation failed to replicate these results in two subsequent investigations [23, 24] . Partial sleep deprivation to 6 hours/night over four consecutive nights did not meaningfully impact delay discounting behavior [25] . Three differences between these prior studies and the present findings appear particularly useful for discussion: (1) monetary amounts and time delays used in delay discounting tasks; (2) sample sizes; and (3) the nature of short sleep duration.
The range of monetary amounts ($0.30 to $40 000), time delays (60 seconds to 120 months), and sample sizes (12 to 1070) vary dramatically between studies. Although Reynolds and colleagues reported increased delay discounting following 21 hours of sleep deprivation based on a standard amount of $0.30 and rapid decision delays of 0-60 seconds in 12 within-subjects participants [16] , Acheson and colleagues failed to replicate these findings using the same discounting task, 24 hours of total sleep deprivation, and an increased sample size of 20 withinsubjects participants [23] . Accordingly, it would appear that only the present findings using standard monetary amounts based on considerably larger rewards ($200 and $40 000) over much longer time intervals (1-120 months) may be sufficient to reveal the effects of short sleep duration on cognitive impulsivity. Future research examining whether acute total sleep deprivation and partial sleep restriction replicate the present findings based on these monetary amounts and time delays are needed. A fundamental difference among these studies is the nature of short sleep duration. It seems reasonable to expect different outcomes based on different short sleep scenarios, such as staying up all night (e.g. 21-24 hours of total sleep deprivation [16, 23, 24] ), obtaining less sleep than normal during a particularly stressful week (e.g. partial sleep restriction to 6 hours/night over four consecutive nights [25] ), or habitually sleeping 6 hours/ night or less, on average, during the past month (present study). These different scenarios and possible outcomes highlight a known obstacle inherent in this type of research on the effects of short sleep duration [11] . Whereas the self-report nature of sleep duration and daytime dysfunction represent fundamental limitations in the present study, the perception of being a short sleeper and the perception of thriving or experiencing daytime dysfunction as a result of one's short sleep schedule are of primary interest in our ongoing line of research.
In addition to recommendations for bridging the gap between experimental and survey studies of short sleep duration [11] , the basic utility of asking about self-reported sleep duration without coincident objective data on sleep duration and quality has been questioned [27] . The present findings that self-reported sleep duration was consistently the strongest predictor of delay discounting behavior compared to other predictive factors (age [28] , income [29] , education [30] , and similar objective measures of fluid intelligence as the present study [31, 32] ), suggests that even without objective verification, subjective reports have meaningful predictive utility, at least in the domain of rewardrelated impulsivity. Future research comparing the predictive utility of reported and objective habitual sleep duration to similar cognitive outcomes would help to clarify and extend the present findings.
Limitations, Future Directions, and Conclusions
The current study demonstrated that self-reported short sleep duration, regardless of perceived daytime dysfunction, was associated with greater cognitive impulsivity. The use of a large, nationally representative sample and an objective cognitive assessment are notable strengths. Findings are qualified by several limitations, however. Categorization of habitual short sleepers was limited as daytime dysfunction was derived from two items on the PSQI that ask about subjective trouble staying awake and keeping up enthusiasm to gets things done during the past month. Direct questioning of subjective functioning in the same domain as objective testing (e.g. reward-related cognitive impulsivity in the present study) would represent a more rigorous test of subjective/objective discrepancies in future research. The study was also limited by the cross-sectional nature of data available in the HCP database. Accordingly, we cannot explore questions of causation or mechanisms underlying observed differences in delay discounting performance between habitual short and medium length sleepers.
With these limitations in mind, viewing the present findings using the lens of the past 50 years of research on habitual short sleepers raises hypotheses to explore in future investigations.
Are there individuals who objectively thrive on short sleep that are not represented in the current study? For example, there may be genetic short sleepers [9] who are quite rare; estimated by experts in sleep genetics to range from 1% even among short sleepers [49] to 1% of the general population [50] . To what extent do habitual short sleepers reporting or not reporting daytime dysfunction exhibit objective symptoms of (hypo)mania and/ or attention-deficit/hyperactivity disorder (ADHD)? Sub-clinical hypomanic symptoms [8] , increased energy and ambition [7] , increased activity and restlessness [6] , and increased behavioral drive [9, 10] have been suggested to characterize habitual short sleepers who do not report daytime dysfunction and are consistent with symptoms of (hypo)mania and ADHD (in particular, hyperactive-impulsive symptoms). Accordingly, it may be notable that symptoms of hypomania [17] , bipolar disorder [18] , and ADHD [21] (in particular, hyperactive-impulsive symptoms [22] ) have all been associated with increased delay discounting performance similar to habitual short sleepers in the present study. Our prior findings that habitual short sleepers may require environmental stimulation to maintain wakefulness [14] is consistent with a vigilance regulation model of mania and ADHD, whereby an increased drive for seeking environmental stimulation may be a behavioral strategy to override underlying daytime sleepiness [51] . Therefore, future efforts to objectively explore symptoms of (hypo)mania and ADHD between habitual short sleepers reporting or not reporting daytime dysfunction (e.g. Conners' Continuous Performance Test [CPT] for symptoms of ADHD [52] , actigraphic assessment of motor activity for (hypo) mania [53, 54] ) appear warranted.
Claims by some habitual short sleepers of adequate or even superior daytime functioning raises a fundamental question: Do these individuals function as well as they feel that they do? Our prior findings suggest that regardless of whether individuals who report habitual short sleep perceive sleep-related daytime dysfunction, they may be at increased risk of drowsiness in situations characterized by low environmental stimulation [14] . The present findings suggest that habitual short sleepers are also likely to exhibit increased reward-related cognitive impulsivity, regardless of whether they perceive sleep-related daytime impairment. As 30% of working U.S. adults report habitual short sleep duration [14, 33] , and approximately 10% of U.S. adults report sleeping 6 hours or less each night without perceived daytime dysfunction [14] , continued objective validation of these claims appears warranted. 
